The host structure and reversible lithium insertion and extraction into an intercalation compound, TiNb 24 O 62 , are described. Neutron diffraction, applied for the first time to TiNb 24 O 62 ,
INTRODUCTION
High-voltage anodes for lithium-ion batteries, loosely defined as materials with a lower voltage limit above 1.0 V vs. Li + /Li, offer promising advantages in terms of safety and cycle life.
Carbonate electrolytes are not stable below ca. 1.0 V and traditional lithium battery anodes rely on the formation of a stable solid-electrolyte interphase (SEI) layer. As a result, high surface area nanoparticles as well as alloying electrodes that undergo large volume changes on cycling both consume substantial electrolyte and lithium, which is associated with poor capacity retention. In addition, during low voltage discharge, inhomogeneity in the anode electrode may lead to local regions experiencing a sufficiently low potential to promote lithium dendrite formation. Cell degradation and dangerous internal short-circuits from dendrite formation can be avoided with a high-voltage anode, at the expense of energy density.
Several high-voltage intercalation anode candidates have been investigated. The most studied is Li 4 Ti 5 O 12 (LTO) which, due to the advantages addressed above, has matured to the commercial level. While LTO performs well, it has several known issues. Relatively low gravimetric and volumetric capacity leave room for improvement but the most pressing issue is the significant gas generation and swelling observed with LTO electrodes. The gases, mostly H 2 , CO 2 , and CO, are formed via reactions between standard alkyl carbonate solvents and the LTO interface 1 .
These issues motivate the search for next generation safe anode materials. 3 ) assemble into a structure of corned-shared MO 6 octahedra. The octahedra are distorted to varying degrees based on the strength of the second-order Jahn-Teller (SOJT) effect, which increases with formal charge and decreases with cation size for the d 0 transition metals. 11 Anion deficient oxides of MO 3-x (e.g. V 6 O 13 , NbO 2.5(-x) , MoO 3-x , WO 3-x ) with metal valence less than M(VI) cannot form the perfect ReO 3 -type arrangement and thus adopt a defect structure.
One common motif is to form planes of edge-sharing octahedra creating so-called crystallographic shear (cs) planes, two such intersecting planes define the edges of a length m × n block of octahedra. 12 The resulting structure, known as a Wadsley-Roth or cs phase 2 , can consist of blocks connected in infinite ribbons (p = ∞), split into pairs (p = 2), or isolated (p = 1), usually by tetrahedra. The nomenclature (m × n) p then fully describes the assembly of structural units though the description may be further complicated by the presence of multiple block sizes and intergrowths even within ordered "ideal" phases. From these principles, the composition of a block is dictated by the crystal structure and the metal oxide formula can be calculated from a summation over all combinations of block size and connectivity:
where interconnected ribbons may be represented by: 19 Neutron powder diffraction served as a complementary probe to earlier X-ray studies and, together, they provided some insight into the SOJT-distorted polyhedra and cationordering in these complex titania-niobia cs phases.
In this work, we begin with an accurate refinement of the lattice and atomic coordinates of the While the metal positions were accurately determined from XRD, the relatively weak scattering of x-rays from oxygen (Z = 8) vs. Ti (Z = 22) or Nb (Z = 41) prevented the determination of accurate or precise anion coordinates. Anomalous bond valence sums (BVS) 26 for Nb 5+ and Ti
4+
from the x-ray structure improved to within ± 10% for all sites after refinement of the neutron diffraction data: the mean BVS deviation was 11.4% before refinement and 4.9%
after refinement (Supporting Information, Table S1 ). 31 oxygen sites were considered to be fully occupied and this parameter was not refined.
Coordinates and occupancies for all 44 unique atomic positions are provided (Supporting Information, Table S2 ). Due to the second-order Jahn-Teller effect 27 -a symmetry-breaking structural displacement due to mixing of the ground-state filled p-orbitals with the pseudodegenerate excited-state d-orbitals-in both d 0 Nb(V) and Ti(IV), the octahedra are highly distorted (Supporting Information, Table S1 ). The tetrahedral M1 site lacks a center of symmetry and is therefore not subject to this distortion. As seen in Figure 4 , the intercalation initially occurs primarily below 2.00 V with three reversible discharge regions. The first region exhibits a shoulder/slope from 2.05 V to 1.70 V and is ca. The galvanostatic intermittent titration technique (GITT, Figure 5 ) was employed to gain insights into the (de)lithiation mechanism, diffusion kinetics, and thermodynamic voltage of TiNb 24 O 62 .
In this experiment 28 , a current pulse is applied followed by a long relaxation period and the cell voltage is continuously monitored ( Supplementary Information, Figure S3 ). Immediately after the current pulse, the electrode is in a non-equilibrium state with a potential known as the closed- so cells were also examined with a second 0.5 mm spacer disk added; this significantly improved the high-rate performance such that 50% theoretical capacity was achieved at 5C. Given that theoretical capacity was reached at C/5, this phase might be considered a typical battery material for standard rate conditions. Still, in order to better understand the nature of the rate limitations, TiNb 24 O 62 was also cast onto carbon-coated Al foil (C@Al), (Figure 6 , Supplementary Figure   S4 ), it being a well-established method in the carbon supercapacitor community to produce electric double-layer supercapacitors with current densities in the range 1-100 mA·cm -2 . 32, 33 In this study, thick films comprised of the large particles of TiNb 24 O 62 maintained greater than 50% theoretical capacity at 10-15C (2-3 A·g -1 ; 6.7-10 mA·cm -2 ). These results suggest that this phase is not only stable upon long-term cycling but also has intrinsic high-rate insertion and extraction of lithium under appropriate conditions, which is reminiscent of the bronze-phase T- 
CONCLUSIONS
A titanium-niobium mixed metal oxide in the Wadsley-Roth family of crystallographic shear compounds has been structurally and electrochemically characterized. Neutron diffraction was applied for the first time to TiNb 24 O 62 to elucidate subtle structural details. Thanks to the scattering properties of neutrons, the oxygen bonding was more accurately derived and partial cation ordering was found with Ti 4+ preferentially occupying the tetrahedral site and some multiedge-sharing octahedra within TiNb 24 O 62 . In this complex oxide, intercalation and deintercalation occur in three broad regions between 2.0 and 1.2-0.9 V with a reversible capacity of ca. 190 mA·h·g -1 over 100 cycles (three month period) in dense electrodes of ca. 10 μm particles. Long-term cycling to lower potentials (at or below 1.0 V) results in polarization and separation of the average and individual redox peaks. In a slightly narrower potential window, the first-cycle irreversibility can be mitigated and long-term capacity retention maintained.
GITT measurements revealed differential lithium-ion mobility, which could be partitioned into four regions of composition, and showed that "lithium-stuffing" rapidly reduces diffusion within the structure. In the absence of overlithiation, 
